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Abstract
Most of our knowledge of wild chimpanzee behaviour stems from fewer than 10 long-term
field sites. This bias limits studies to a potentially unrepresentative set of communities
known to show great behavioural diversity on small geographic scales. Here, we introduce a
new genetic approach to bridge the gap between behavioural material evidence in unhabitu-
ated chimpanzees and genetic advances in the field of primatology. The use of DNA analy-
ses has revolutionised archaeological and primatological fields, whereby extraction of DNA
from non-invasively collected samples allows researchers to reconstruct behaviour without
ever directly observing individuals. We used commercially available forensic DNA kits to
show that termite-fishing by wild chimpanzees (Pan troglodytes schweinfurthii) leaves
behind detectable chimpanzee DNA evidence on tools. We then quantified the recovered
DNA, compared the yield to that from faecal samples, and performed an initial assessment
of mitochondrial and microsatellite markers to identify individuals. From 49 termite-fishing
tools from the Issa Valley research site in western Tanzania, we recovered an average of 52
pg/μl chimpanzee DNA, compared to 376.2 pg/μl in faecal DNA extracts. Mitochondrial DNA
haplotypes could be assigned to 41 of 49 tools (84%). Twenty-six tool DNA extracts yielded
>25 pg/μl DNA and were selected for microsatellite analyses; genotypes were determined
with confidence for 18 tools. These tools were used by a minimum of 11 individuals across
the study period and termite mounds. These results demonstrate the utility of bio-molecular
techniques and a primate archaeology approach in non-invasive monitoring and behavioural
reconstruction of unhabituated primate populations.
Introduction
Genetic studies that target the evolutionary history of hominin individuals, groups and species
have revolutionised human archaeology over the past decade. These studies have revealed the
existence of previously unknown taxa [1] and demonstrated both genetic diversity [2] and
migration patterns [3] that would otherwise remain unknown. As this work has progressed,
data from genomic and more recently proteomic approaches have been tied back to the tools
that accompany the skeletal archaeological record [4]. These new approaches provide a richer
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cene hominin lineage.
The general absence of skeletal remains from past populations of African great apes [5] cur-
rently precludes the use of the same molecular approach to reconstruct ancient ape evolution.
However, a modern-day analogy presents itself in the numerous great ape populations that remain
unhabituated to human presence, and therefore whose behaviour goes undescribed and more
broadly, undetected. For wild chimpanzees (Pan troglodytes), for example, of over about 150,000
remaining individuals, our cumulative dataset is comprised from fewer than ten medium or long-
term sites [6]. This bias has limited studies of wild chimpanzees to an unrepresentative subset of
communities that are known to show great behavioural diversity on small geographic scales.
Three different approaches have been used to increase information on unhabituated wild
chimpanzee populations through non-invasive monitoring. First, genetic data from living apes
have allowed reconstruction of past population sizes and interbreeding events leading to the
current species [7–10]. Non-invasive genetic sampling methods also have been developed to
provide information on chimpanzee populations where direct observations of behaviour are
impossible or very rare. These methods have led to a better understanding of ranging patterns,
population estimates [11,12], and kin relationships [13–15].
A second approach involves the recording of material evidence, such as abandoned tools or
information on nests, from chimpanzee home ranges. This technique has proven useful for
assessing the behavioural repertoire of wild chimpanzee populations [16–23]. However, in both
of these approaches the behaviour of individual group members cannot typically be recon-
structed, and potential diversity of behaviours between individuals is therefore lost. Where such
behaviours involve tool use, we cannot, for example, assess tool selection or modification prac-
tices at an individual level, leaving questions of social influence and traditions unanswerable [24].
A third approach of camera trapping at potential tool use sites does allow for learning about
tool use behaviours at the individual level in unhabituated communities [25]. However, the
field of view of the camera can miss individuals that are present, and individuals are not always
identifiable depending on the images captured [26].
Here, we introduce a new method that bridges the gap between behaviour and material evi-
dence in unhabituated chimpanzees and the application of genetic advances to the field of pri-
matology. Our analysis focuses on genetic evidence recovered from wild Eastern chimpanzee
(P. t. schweinfurthii) termite-fishing tools. As chimpanzees mouth these plant tools to remove
termites, epithelial cells are transferred to the tools in a manner that resembles mouth swabs
used in human genetic sampling. The chimpanzees in this study live in the mosaic woodlands
of the Issa Valley in western Tanzania (Fig 1), and direct observation of their behaviour is less
reliable than at longer-term sites where chimpanzees are well habituated to the presence of
human observers and typically occupy smaller, forest dominated home ranges [27]. In this
study, we aimed to (i) identify whether termite fishing leaves behind detectable chimpanzee
DNA evidence, (ii) quantify the DNA recovered and compare it to other recovery techniques
(e.g., faecal sampling), and (iii) perform an initial assessment of the feasibility of using mito-
chondrial and microsatellite markers to determine the minimum number of tool users in our
sample. The results help establish a new approach combining molecular and archaeological
methods to reconstructions of primate behaviour.
Methods
Study site
Samples were collected at the Issa Valley research site in western Tanzania (S 5.50˚, E 30.56˚)
between October 2014 and January 2015. Permission to conduct research at Issa and export
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samples was granted by the Tanzanian Wildlife Research Institute (TAWIRI) and Commission
for Science and Technology (COSTECH). Samples were imported to the UK under (DEFRA)
permit TARP/2014/236. Issa lies approximately 90 km east of Lake Tanganyika, within the
Greater Mahale Ecosystem (GME). The GME is characterized by broad valleys separated by
steep mountains and flat plateaus ranging from 900 to 2100 m elevation. The vegetation is
dominated by miombo woodland (Brachystegia and Julbernardia, Fabaceae), although it also
includes swamp and grassland, as well as evergreen gallery and thicket riverine forests. There
are two distinct seasons: wet (October–April) and dry (May–September), with dry months
defined as having<100 mm of rainfall. Termite fishing (Macrotermes spp.) occurs predomi-
nantly during the wet season [27]. Rainfall averages 1250 mm per annum [28], and tempera-
tures range from 11 to 35˚C [27]. Chimpanzees in Issa are partially habituated, and research
focuses on an 85 km2 study area. Preliminary genetic analyses identified at least 67 individuals,
including 31 females and 27 males (and 9 individuals that could not be sexed definitively),
within the Issa community [29]. As of December 2016, eleven chimpanzees were individually
recognizable to researchers.
Sample collection
Thirty termite mounds were monitored three to four times weekly for chimpanzee activity. All
new termite-fishing probes that were abandoned in situ where they had been inserted into a
mound were collected for DNA analyses. Each tool was collected using a new pair of gloves. A
5 cm segment of the end of the tool that was inserted for fishing was cut using scissors
Fig 1. Map with sampled sites, and number of tools recovered from each site. Vegetation classification
(evergreen forest—dark green; deciduous woodland–light green; grassland–white) by Lilian Pintea, Jane Goodall
Institute (JGI).
https://doi.org/10.1371/journal.pone.0189657.g001
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sterilized with bleach and ethanol between each use and preserved in 5 ml of RNA later (Life
Technologies). Faecal samples were collected from within the Issa chimpanzee study area
between 2009 and 2012. They were collected from trails when tracking chimpanzee parties, or
from beneath chimpanzee night nests, and preserved in an equal volume of RNAlater.
All samples were kept frozen at -18˚C on site in a solar powered DC freezer (Model number
ARB, 47L), before shipment at room temperature. Termite tools were shipped to the Univer-
sity of Cambridge in January 2015 and stored at -20˚C, whilst chimpanzee faeces were shipped
several times yearly to the University of Pennsylvania and stored at -80˚C.
DNA extraction and quantification
DNA was extracted from the chimpanzee tools using two commercially available forensic
DNA kits: the QIAamp1 DNA Investigator Kit for use with the Qiacube system and the DNA
IQ™ Casework Pro Kit for Maxwell 161. Extractions took place inside a UV sterilised laminar
flow hood and gloves were changed between samples to prevent human contamination. All
consumable plastics used were single use only and scissors/ forceps were sterilised in an auto-
clave in order to prevent cross-contamination between chimpanzee samples. In each case,
DNA was extracted from a 1 cm section of each tool following the manufacturer’s protocol for
trace DNA extraction from a solid substrate, and approximately 60 μl and 50 μl, respectively,
of DNA was eluted. We alternated the extraction method that was used for the first (tip) or sec-
ond 1cm section of tool. DNA extraction from faeces followed previously described methods
[30,31]. Approximately 0.7 ml RNAlater preserved stool was used in each extraction.
Real-time quantitative PCR (qPCR) followed methods described by Morin et al. [32] to
amplify an 81bp portion of the chimpanzee c-myc gene of all samples. qPCR amplification of
chimpanzee DNA from termite tools and faeces was performed in a 7500 RT PCR system
(Applied biosystems) and triplicate sets of size standards of known DNA concentration and
negative controls were included with each set of samples prepared with a single qPCR reaction
mix. Analyses were conducted in DataAssist™ Software and were checked using standard
curves and calculations in Microsoft Excel. Chimpanzee DNA quantification was performed
for each DNA extract (QIAamp and DNA IQ) in quadruplicate to calculate an average quan-
tity of chimpanzee DNA per sample.
Mitochondrial genotyping
A 498 bp fragment of the mitochondrial (mt) D-loop region was amplified from termite tool
DNA extracts using primers L15996-M13RpUC[33] and H16498-M13F[34]. PCR amplifica-
tion was performed in a total volume of 25 μl consisting of 3 μl template, 1x PCR buffer, 3mM
MgCl2, 200 μM of each dNTP, 1μg BSA, 1 μM each primer, and 1.25 U Bioline Taq polymer-
ase. Amplification conditions were: initial denaturation at 94˚C for 1 min, 40 cycles of 20s at
94˚C, 30s at 55˚C, 1 min at 72˚C, and a final extension at 72˚C for 10 min. Where amplifica-
tion was unsuccessful a nested protocol was used by first amplifying the whole D-loop using
outside primers L15926 [35] and CEH5 [36] followed by inside amplification as described
above, excluding BSA. Products were separated on a 1% agarose gel (100 V, 15 min) and visu-
alized using Et Br and UV light. PCR products were sent for sequencing at Macrogen (Korea).
Independent PCR products of each tool extraction were sequenced in both directions and
sequences were aligned using the Clustal W function in MEGA 5.1. Termite tool derived
sequences were subjected to phylogenetic analyses to identify distinct mtDNA haplotypes, all
of which matched previously identified haplotypes from this same region [29].
DNA recovery from wild chimpanzee tools
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Microsatellite genotyping
Only samples with more than 25 pg/μl were selected for microsatellite genotyping, as previous
research has shown that reactions containing <100pg/rxn require seven replicates to deter-
mine genotypes with high confidence, whilst 101-200pg/rxn requires four and>201pg/rxn
requires only two replicates for similar confidence [32]. Two microsatellite loci known to be
variable in this population (d5s1457 and d2s1326) [12] and one locus known to be variable in
chimpanzees in general (d1s550) [37] were amplified from termite-fishing tool DNA extracts
in a single-step multiplex PCR reaction.
PCR amplification was carried out in a total volume of 9 μl, consisting of up to 4 μl of tem-
plate, 4.5 μl of 2X Qiagen multiplex mastermix, 200nM of each primer, and 60ng BSA. Amplifi-
cation conditions were: initial denaturation at 95˚C for 15 min, 40 cycles of 95˚C for 30s, 60˚C
for 90s, 72˚C for 60s, and a final extension of 30 min at 72˚C. The 5’ end of the forward primer
was fluorescently labeled, and products were separated using capillary electrophoresis (ABI
3730xl DNA analyser). Alleles were then sized relative to a size standard (HD400 labeled ROX)
using Geneious 7.1.9 with microsatellite plugin. A modified multiple-tubes approach was
adopted based on the quantity of DNA in each extract. Following Morin et al. [32], two repli-
cates of two alleles were required to call a heterozygous locus, four replicates were required to
call a homozygous locus if there was 100-200pg/rxn and two replicates if there was>200pg/rxn.
Analyses
We estimated allelic dropout following Gushanski et al. [38], by dividing the total number of
allelic dropouts observed by the total number of successful heterozygous reactions, across all
loci. Ideally, a larger number of microsatellite loci would be used to determine individual iden-
tity with more certainty; however, three loci are sufficient for testing the feasibility of microsat-
ellite genotyping of termite-fishing tool DNA extracts. In order to determine a minimum
number of individuals represented from the tool samples and any potential matching geno-
types we used CERVUS 3.0 [39] to perform an identity analysis and assess the probability of
full siblings or unrelated individuals having an identical genotype (pIDsib and pID).
Results
Sample collection
Twelve of the thirty monitored termite mounds were actively fished during the monitoring
period, and tools were collected for DNA analysis from six mounds. We collected 49 tools on
11 occasions between November 2014 and January 2015 (Table 1; Fig 1). Between one and six
tools were collected from each fishing episode. Five out of the six mounds were fished on more
than one occasion. All tools were made of stripped bark and averaged 410±230 mm in length
and 5±2.6 mm in width, conforming to initial descriptions of termite tool characteristics at
Issa [27]. Of 450 faecal samples collected from Issa between 2009 and 2012, 313 were subjected
to DNA extraction and quantification.
Chimpanzee DNA quantification
The average chimpanzee DNA concentration found in tool DNA extracts was 52 pg/μl (range
0–2080; Fig 2). There was no difference in chimpanzee DNA quantity between DNA extracted
using the QIAamp1 DNA Investigator kit or the DNA IQ™ Casework Pro Kit (Wilcoxon’s
matched pairs V = 704, p = 0.14). There was no difference in chimpanzee DNA quantity
between first and second extracts of each tool (Wilcoxon’s rank sum test; W = 793.5, p = 0.24).
Extracts with<5 pg/μl chimpanzee DNA were considered unusable for microsatellite analyses
DNA recovery from wild chimpanzee tools
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[32] and 37% of all extracts had <5 pg/μl chimpanzee DNA (15 or 31% of QIAamp and 21 or
43% of IQ™ Casework extractions).
Table 1. Genetic identity (ID), genotype and mtDNA haplotype for each tool.
Date Tool Number Termite Mound mtDNA haplotype* Individual genetic ID d5s1457 d1s550 d2s1326
17/10/14 1 4503 GM7
17/10/14 2 4503 GM7
01/11/14 1 4862 GM7 1 110/114 154/166 210/218
01/11/14 2 4862 UG59 2 114/114 150/154 206/218
01/11/14 1 5298 GM7 3 110/114 154/154 206/210
01/11/14 2 5298 GM7
01/11/14 3 5298 GM7
07/11/14 1 5298 GM7 4 102/114 150/150 218/218
07/11/14 2 5298 GM7 5 110/114 166/166 206/206
07/11/14 3 5298 GM7 6 102/114 150/150 210/218
07/11/14 4 5298 GM7
09/11/14 2 5298 GM7 6 102/114 150/150 210/218
09/11/14 3 5298 MH37 7? 114/122 150/150 210/218
09/11/14 4 5298 MH37 7 114/122 150/154 210/218
09/11/14 5 5298 MH37 8 106/114 150/154 214/218
09/11/14 6 5298 UG59 9 114/114 150/170 210/210
11/11/14 1 5298 UG59 10 106/114 150/154 206/218
11/11/14 2 5298 UG59 11 106/126 150/154 206/218
11/11/14 3 5298 UG59 2 114/114 150/154 206/218
19/11/14 1 4502 GM7
19/11/14 1 5298 GM7 12 102/114 170/170 206/218
21/11/14 1 4030 GM7 6 102/114 150/150 210/218
21/11/14 2 4030 GM7 6 102/114 150/150 210/218
30/11/14 1 4030 UG59 13 106/126 154/154 206/218
30/11/14 3 4030 UG59
30/11/14 1 4502 UG59
17/12/14 1 4769 UG59
17/12/14 2 4769 UG59 2 114/114 150/154 206/218
17/12/14 4 4769 UG59
17/12/14 1 5298 GM7
19/12/14 1 5298 UG59 14? 102/114 154/166 186/218
08/01/15 1 4502 UG59
08/01/15 3 4502 GM7
08/01/15 5 4502 UG59 2? 114/114 150/154 206/218
08/01/15 6 4502 UG59
08/01/15 1 4769 UG59 15 102/114 150/150 210/218
08/01/15 2 4769 GM7 6 102/114 150/150 210/218
08/01/15 3 4769 GM7 6 102/114 150/150 210/218
08/01/15 1 5298 UG59
08/01/15 2 5298 GM7 16 102/114 154/154 186/218
08/01/15 3 5298 UG59 14 102/114 154/166 186/218
* Genbank accession numbers for haplotypes GM7-DQ370321, UG59-JN091703, MH37-EU527467.
Shaded cells contain unconfirmed genotypes (with fewer than necessary replicates per DNA quantity, see methods) and blank cells represent no data.
? These IDs are possible matches, but genotypes remain unconfirmed.
https://doi.org/10.1371/journal.pone.0189657.t001
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The extractions with <5pg/μl chimpanzee DNA did not result from the same tools. For
example, nine samples yielding unusable extracts with the QIAamp1 Kit (mean 2.2 pg/μl),
yielded usable extracts with the DNA IQ™ Kit (mean 31 pg/μl) and three samples yielding
unusable extracts with the DNA IQ™ Kit (mean 2.9 pg/μl), yielded usable extracts with the
QIAamp1 Kit (mean 11.8 pg/μl). In comparison, the average chimpanzee DNA concentra-
tion found in faeces extracts was 376.2 pg/μl (range 0–4867; Fig 1) and only 16 samples, or 5%
of extractions, yielded <5 pg/μl of chimpanzee DNA.
Mitochondrial DNA
PCR amplification success rate for HV1 mitochondrial DNA from tool samples was 86% (197
of 228 PCRs). There was no difference in amplification success rate between DNA extracted
using the QIAamp1 DNA Investigator kit (88% or 88 of 104 PCRs) or the DNA IQ™ Case-
work Pro Kit (85% or 109 of 124 PCRs). Extracts that yielded mtDNA HV1 sequences had sig-
nificantly more DNA (mean 66.7 pg/μL, range 0–2080 pg/μl) than those that did not (mean
2.8, 0–20.6 pg/μl; Wilcoxon’s rank sum test, W = 209, p<0.0001). mtDNA haplotypes could be
assigned to 41 of 49 tools (Table 1). All tools had one of three haplotypes known for this com-
munity of chimpanzees [29] and the wider GME region [40].
Fig 2. Histogram comparing chimpanzee DNA concentration of termite-fishing tool and faeces DNA extracts.
https://doi.org/10.1371/journal.pone.0189657.g002
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Microsatellite genotyping
Twenty-six tool DNA extracts yielded >25 pg/μl chimpanzee DNA and were selected for
microsatellite analyses. All loci amplified in at least one replicate per extract. Results were
attained for between two and seven replicates for each tool, which allowed genotypes to be
determined with confidence for 18 of 26 tools (Table 1). The extent of dropout across all het-
erozygous loci was 8%, and only one case (0.06%) of irreproducible sporadic alleles was
observed. Dropout was not observed in samples with more than 235pg/rxn (Fig 3).
Identity analysis in CERVUS was used to find matching genotypes within the 18 confirmed
genotypes. These tools represent a minimum of 11 different individuals; two genotypes
occurred more than once, representing three and six tool samples used by two different individ-
uals (Table 1; IDs 2 and 6 respectively). If unconfirmed genotypes are included in the analysis,
the 26 tools were used by a minimum of 16 individuals, and four tools could potentially have
been used by a further two different individuals (Table 1; IDs 7 and 14). However, the theoreti-
cal probability of two full siblings or two unrelated individuals sharing the same genotype at
three loci was high (pIDsib = 0.15, pID = 0.021) given the limited number of loci genotyped.
Tools re-used by the two confirmed individuals were similar in length, but may differ in
width; ID 2 tools averaged 400±260 mm in length and 6.3±3.2 mm in width, whilst ID 6 tools
averaged 430±150 mm in length and 3.8±1.2 mm in width.
Fig 3. Proportion of PCRs with allelic dropout in relation to the concentration of termite-fishing tool DNA extract.
https://doi.org/10.1371/journal.pone.0189657.g003
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Discussion
This study presents the first successful extraction, mitochondrial DNA amplification, and
microsatellite genotyping of DNA from material artefacts left behind by wild chimpanzees.
These results demonstrate the utility of molecular techniques and a primate archaeology
approach [41] in non-invasive monitoring and behavioural reconstruction of unhabituated
primate populations. Our findings are the first step in linking non-invasive genetic techniques,
traditionally used with extant non-human primates, to the study of material culture remains
left from hominin landscape use. Our results validate a genetic approach to the recovery of
otherwise unobtainable behavioural information directly related to tool use by wild animals.
Our monitoring program identified and recovered chimpanzee termite-fishing tools from
multiple mounds, and on multiple occasions from single mounds. Genetic identification of
tool users opens up opportunities to record unobserved chimpanzee behaviour, including
inter-site ranging and regularity of site visits. They also allow us to begin cataloguing individ-
ual chimpanzee preferences for tool size, shape and material, and to do so over any time period
during the life of the animal. For example, the tools of two individuals identified in this study
show a difference in the width of tools manufactured. A longitudinal study with a larger sam-
ple size would determine whether this difference is significant.
The mtDNA analysis placed all recovered genetic material into known haplotypes of the
study community [26] and region [40]. This result is unsurprising; however we anticipate that
if future tool collection expands into less well-studied parts of the GME, we will begin to see
additional haplotypes. Ultimately, we expect that we will be able to assess whether there is a
potential long-lasting maternal influence on tool forms, by comparing data on tool material
selection and manufacture between the different mitochondrial lineages, akin to what has
recently been reported for hand-clasping in Ugandan chimpanzees [42]. Our initial hypothesis
would be that the patrilocal nature of chimpanzee society, coupled to the sustained cultural
variation seen between neighbouring groups [43], would act to diffuse any matriline-specific
technological attributes, but at this point that remains an open question.
Tool transfers do occur between wild chimpanzees; Mothers have been observed to share
tools with their offspring [25], adult tool sharing has been observed in a similarly dry site [44],
and chimpanzees have been seen to sniff and inspect tools found on mounds. Despite this, we
found no evidence of cross-contamination in our study. Such tool transfers might not occur at
Issa, or might occur at a rate too low to have been detected here in a small sample of tools.
Cross-contamination by multiple chimpanzees using the same tool could therefore be an issue
to be addressed in future research using this method.
Our microsatellite analysis is preliminary, but demonstrates feasibility of identifying tool
users directly from the tool. If we assume that genotypes matching at three loci represent the
same individual, we found that one individual (ID 6 in Table 1) may have used up to six of the
tools recovered during this study. These tools were collected from three different termite
mounds, across a period of two months. Archaeologically, this ability to track an individual’s
use of specific tools over that time is the equivalent of attempting to track the products of an
individual stone knapper at a Palaeolithic human site [e.g., 45], but with the added detail and
linkages provided by the genetic data. We anticipate that the routine and long-term applica-
tion of our methods at a single site would reveal the links between social and genetic influences
on tool selection and modification at a level that is currently unobtainable. We expect that the
extension of this work to habituated wild chimpanzee sites would yield a similar increase in
knowledge, as even these sites cannot directly observe and collect all evidence of tool use all
the time [46]. Genetic analysis of tools would complement well studies of tool use in habituated
DNA recovery from wild chimpanzee tools
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and unhabituated apes using camera traps (e.g. [25]), as observation and video of tool use pro-
vides information about age classes not obtainable from genetics.
The chimpanzee DNA quantity in our tool extracts (52 pg/μl) was lower than that found in
commonly used DNA extracts from faeces, but was significantly higher than that of shed hair
samples (4.4pg/μl; Morin et al., 2001). Likewise, although a large proportion of tool DNA
extractions (37%) contained <5pg/μl chimpanzee DNA, this is lower than 79% of extractions
of shed hair found by Morin et al [32] to contain 0pg/μl chimpanzee DNA. Hair extractions
typically use only a single hair follicle, in order to be certain that only one individual is sam-
pled. Differences in chimpanzee DNA quantity may be influenced by the amount of starting
material, or due to greater sensitivity of forensic techniques, or tools may actually be a better
source of chimpanzee DNA than shed hairs. RNAlater might also improve the yield of DNA
extractions, as we found a much higher concentration of DNA in extractions from faeces than
Morin et al. [32] (192 pg/μl), who preserved faeces in silica gel and used 100mg dried faeces for
DNA extraction. The Issa environment is also much drier than that of the Tai forest, where
Morin et al. [32] collected samples. Such a difference in environment, or possible differences
in the time since deposition to collection of samples, could influence DNA yield. Tools are also
beneficial as a DNA source as they provide more than one opportunity to extract DNA to
potentially improve yield, similar to faeces, whereas hair samples allow only a single extraction.
The two forensic kits that we employed were found to be equally reliable, with no difference in
the DNA quantity extracted nor in ease of implementation. Both kits also have a very similar
cost per microliter of extracted DNA of around 3.5 μl/£1.
A logical next step for this work would be to identify non-chimpanzee activities that simi-
larly may result in individual DNA preservation on tools. Human ancestors, for example, used
a wide variety of plant and stone tools in the past, and while the perishable nature of much
material culture necessarily places restrictions on that search, DNA recovery from human
stone tools is possible [47]. Similarly, stone tools have been recovered that were used by past
groups of capuchin monkeys (Sapajus libidinosus) and long-tailed macaques (Macaca fascicu-
laris aurea) to open encased foods [48,49], and populations of orangutans (Pongo pygmaeus)
are habitual tool users that extensively orally manipulate plant tools [50]. We recognise that
the technique introduced here is likely to be more effective for some tool types and tasks than
others, but we also believe that the ultimate benefits of successfully linking genetic and techno-
logical records are sufficient to warrant the continued exploration of its potential.
Acknowledgments
We thank the Tanzanian Wildlife Research Institute (TAWIRI) and Commission for Science
and Technology (COSTECH) for permission to carry out research in Tanzania, field assistants
from the Ugalla Primate Project (UPP) for support with data collection, Noemie Bo´nnin for
research assistance, and Lilian Pintea (JGI) for providing vegetation classification. Finally, we
thank Mimi Arandjelovic and an anonymous reviewer for their valuable feedback on the
manuscript.
Author Contributions
Conceptualization: Fiona A. Stewart, Alexander K. Piel, Lydia Luncz, Michael Haslam.
Data curation: Fiona A. Stewart, Alexander K. Piel, Joanna Osborn, Yingying Li.
Formal analysis: Fiona A. Stewart, Joanna Osborn, Yingying Li, Beatrice H. Hahn.
Funding acquisition: Fiona A. Stewart, Alexander K. Piel, Beatrice H. Hahn, Michael Haslam.
DNA recovery from wild chimpanzee tools
PLOS ONE | https://doi.org/10.1371/journal.pone.0189657 January 3, 2018 10 / 13
Investigation: Fiona A. Stewart, Alexander K. Piel, Joanna Osborn, Yingying Li.
Methodology: Fiona A. Stewart, Alexander K. Piel, Joanna Osborn, Yingying Li, Beatrice H.
Hahn, Michael Haslam.
Project administration: Fiona A. Stewart, Alexander K. Piel, Beatrice H. Hahn, Michael
Haslam.
Resources: Fiona A. Stewart, Alexander K. Piel, Beatrice H. Hahn.
Supervision: Fiona A. Stewart, Alexander K. Piel, Beatrice H. Hahn, Michael Haslam.
Visualization: Fiona A. Stewart, Alexander K. Piel.
Writing – original draft: Fiona A. Stewart, Alexander K. Piel, Lydia Luncz, Michael Haslam.
Writing – review & editing: Fiona A. Stewart, Alexander K. Piel, Lydia Luncz, Joanna Osborn,
Yingying Li, Beatrice H. Hahn, Michael Haslam.
References
1. Reich D, Green RE, Kircher M, Krause J, Patterson N, Durand E, et al. Genetic history of an archaic
hominin group from Denisova Cave in Siberia. Nature. 2010; 468: 1053–1060. https://doi.org/10.1038/
nature09710 PMID: 21179161
2. Sa´nchez-Quinto F, Lalueza-Fox C. Almost 20 years of Neanderthal palaeogenetics: adaptation, admix-
ture, diversity, demography and extinction. Philos Trans R Soc Lond B Biol Sci. 2015; 370: 20130374.
https://doi.org/10.1098/rstb.2013.0374 PMID: 25487326
3. Malaspinas A, Westaway MC, Muller C, Sousa VC, Lao O, Alves I, et al. A genomic history of Aboriginal
Australia. Nature. Nature Publishing Group; 2016; 1–20. https://doi.org/10.1038/nature18299 PMID:
27654914
4. Welker F, Hajdinjak M, Talamo S, Jaouen K, Dannemann M, David F. Palaeoproteomic evidence identi-
fies archaic hominins associated with the Chaˆtelperronian at the Grotte du Renne. Proc Natl Acad Sci.
2016; https://doi.org/10.1073/pnas.1605834113 PMID: 27638212
5. McBrearty S, Jablonski N. First fossil chimpanzee. Nature. 2005; 437: 105–108. https://doi.org/10.
1038/nature04008 PMID: 16136135
6. McGrew WC. Field studies of Pan troglodytes reviewed and comprehensively mapped, focussing on
Japan’s contribution to cultural primatology. Primates. Springer Japan; 2016; 1–22. https://doi.org/10.
1007/s10329-016-0554-y
7. Hvilsom C, Rasmus Heller FC, Jaffre´ N, Siegismund HR. Contrasting demographic histories of the
neighboring bonobo and chimpanzee. Primates. 2014; 55: 101–112. https://doi.org/10.1007/s10329-
013-0373-3 PMID: 23982179
8. Prufer K, Munch K, Hellman I, Akagi K, Miller J, Walenz B, et al. The bonobo genome compared with
the chimpanzee and human genomes. Nature. 2012; 486: 527–531. https://doi.org/10.1038/
nature11128 PMID: 22722832
9. Scally A, Dutheil JY, Hillier LW, Jordan GE, Goodhead I, Herrero J, et al. Insights into hominid evolution
from the gorilla genome sequence. Nature. Nature Publishing Group; 2012; 483: 169–175. https://doi.
org/10.1038/nature10842 PMID: 22398555
10. de Manuel M, Kuhlwilm M, Frandsen P, Sousa VC, Desai T, Prado-Martinez J, et al. Chimpanzee geno-
mic diversity reveals ancient admixture with bonobos. Science. 2016; 354: 477 LP-481. https://doi.org/
10.1126/science.aag2602 PMID: 27789843
11. Arandjelovic M, Head J, Rabanal LI, Schubert G, Mettke E, Boesch C, et al. Non-invasive genetic moni-
toring of wild central chimpanzees. PLoS One. 2011; 6: e14761. https://doi.org/10.1371/journal.pone.
0014761 PMID: 21423611
12. Moore DL, Vigilant L. A population estimate of chimpanzees (Pan troglodytes schweinfurthii) in the
Ugalla region using standard and spatially explicit genetic capture-recapture methods. Am J Primatol.
2013; 76: 335–346. https://doi.org/10.1002/ajp.22237 PMID: 24357255
13. Moore DL, Langergraber KE, Vigilant L. Genetic Analyses Suggest Male Philopatry and Territoriality in
Savanna-Woodland Chimpanzees (Pan troglodytes schweinfurthii) of Ugalla, Tanzania. Int J Primatol.
2015; https://doi.org/10.1007/s10764-015-9830-8
DNA recovery from wild chimpanzee tools
PLOS ONE | https://doi.org/10.1371/journal.pone.0189657 January 3, 2018 11 / 13
14. Constable JL, Ashley M V, Goodall J, Pusey a E. Noninvasive paternity assignment in Gombe chimpan-
zees. Mol Ecol. 2001; 10: 1279–300. PMID: 11380884
15. Gagneux P, Wills C, Gerloff U, Tautz D, Morin P a, Boesch C, et al. Mitochondrial sequences show
diverse evolutionary histories of African hominoids. Proc Natl Acad Sci U S A. 1999; 96: 5077–82.
PMID: 10220421
16. Hicks TC, Fouts RS, Fouts DH. Chimpanzee (Pan troglodytes troglodytes) tool use in the Ngotto Forest,
Central African Republic. Am J Primatol. 2005; 65: 221–237. https://doi.org/10.1002/ajp.20111 PMID:
15772994
17. Sanz C, Call J, Morgan D. Design complexity in termite-fishing tools of chimpanzees (Pan troglodytes).
Biol Lett. 2009; 5: 293–296. https://doi.org/10.1098/rsbl.2008.0786 PMID: 19324641
18. Koops K, Scho¨ning C, McGrew WC, Matsuzawa T. Chimpanzees prey on army ants at Seringbara,
Nimba Mountains, Guinea: Predation patterns and tool use characteristics. Am J Primatol. 2015; 77:
319–329. https://doi.org/10.1002/ajp.22347 PMID: 25315798
19. Stewart FA, Piel AK, McGrew WC. Living archaeology: artefacts of specific nest site fidelity in wild chim-
panzees. J Hum Evol. Elsevier Ltd; 2011; 61: 388–95. https://doi.org/10.1016/j.jhevol.2011.05.005
PMID: 21714986
20. Wondra EM, Casteren A Van, Pascual-Garrido A, Stewart F, Piel AK. A new report of chimpanzee ant-
fishing from the Issa valley, Tanzania. African Primates. 2016; 11: 1–18.
21. Pascual-Garrido A, Umaru B, Allon O, Sommer V. Apes finding ants: Predator–prey dynamics in a
chimpanzee habitat in Nigeria. Am J Primatol. 2013; 14: 1–14. https://doi.org/10.1002/ajp.22187 PMID:
24022711
22. Park CN, Carvalho JS, Marques TA, Vicente L. Population Status of Pan troglodytes verus in Lagoas
de. PLoS One. 2013; 8: e71527. https://doi.org/10.1371/journal.pone.0071527 PMID: 23940766
23. Carvalho S, Sousa C, Matsuzawa T. New Nut-Cracking Sites in Diecke´ Forest, Guinea: An Overview of
the Surveys. Pan Africa News. 2007; 14: 11–13.
24. Luncz L V., Boesch C. Tradition over trend: Neighboring chimpanzee communities maintain differences
in cultural behavior despite frequent immigration of adult females. Am J Primatol. 2014; 76: 649–657.
https://doi.org/10.1002/ajp.22259 PMID: 24482055
25. Musgrave S, Morgan D, Lonsdorf E, Mundry R, Sanz C. Tool transfers are a form of teaching among
chimpanzees. Sci Rep. Nature Publishing Group; 2016; 6: 34783. https://doi.org/10.1038/srep34783
PMID: 27725706
26. Boesch C, Kalan AK, Agbor A, Arandjelovic M, Dieguez P, Lapeyre V, et al. Chimpanzees routinely fish
for algae with tools during the dry season in Bakoun, Guinea. Am J Primatol. 2017; 79: 1–7. https://doi.
org/10.1002/ajp.22613 PMID: 27813136
27. Stewart FA, Piel AK. Termite fishing by wild chimpanzees: new data from Ugalla, western Tanzania. Pri-
mates. 2014; 55: 35–40. https://doi.org/10.1007/s10329-013-0362-6 PMID: 23720026
28. Piel AK, Lenoel A, Johnson C, Stewart FA. Deterring poaching in western Tanzania: The presence of
wildlife researchers. Glob Ecol Conserv. 2015; 3: 188–199.
29. Rudicell RS, Piel AK, Stewart F, Moore DL, Learn GH, Li Y, et al. High Prevalence of Simian Immunode-
ficiency Virus Infection in a Community of Savanna Chimpanzees. J Virol. 2011; 85: 9918–9928. https://
doi.org/10.1128/JVI.05475-11 PMID: 21775446
30. Santiago ML, Lukasik M, Kamenya S, Li Y, Bibollet-Ruche F, Bailes E, et al. Foci of Endemic Simian
Immunodeficiency Virus Infection in Wild-Living Eastern Chimpanzees (Pan troglodytes schweinfurthii).
J Virol. 2003; 77: 7545–7562. https://doi.org/10.1128/JVI.77.13.7545-7562.2003 PMID: 12805455
31. Keele BF, Van Heuverswyn F, Li Y, Bailes E, Takehisa J, Santiago ML, et al. Chimpanzee reservoirs of
pandemic and nonpandemic HIV-1. Science. 2006; 313: 523–6. https://doi.org/10.1126/science.
1126531 PMID: 16728595
32. Morin P a, Chambers KE, Boesch C, Vigilant L. Quantitative polymerase chain reaction analysis of DNA
from noninvasive samples for accurate microsatellite genotyping of wild chimpanzees (Pan troglodytes
verus). Mol Ecol. 2001; 10: 1835–44. PMID: 11472550
33. Vigilant L, Pennington R, Harpending H, Kocher TD, Wilson AC. Mitochondrial DNA sequences in single
hairs from a southern African population. Proc Natl Acad Sci U S A. 1989; 86: 9350–9354. https://doi.
org/10.1073/pnas.86.23.9350 PMID: 2594772
34. Kocher TD, Wilson AC. Sequence evolution of mitochondrial DNA in humans and chimpanzees: control
region and a protein-coding region. In: Osawa SHT, editor. Evolution of Life: Fossils, Molecules and Cul-
ture. Tokyo: Springer Verlag; 1991. pp. 391–413.
35. Kocher TD, Thomas WK, Meyer A, Edwards S V., Paabo S, Villablanca FX, et al. Dynamics of mito-
chondrial DNA evolution in animals: amplification and sequencing with conserved primers. Proc Natl
Acad Sci U S A. 1989; 86: 6196–6200. https://doi.org/10.1073/pnas.86.16.6196 PMID: 2762322
DNA recovery from wild chimpanzee tools
PLOS ONE | https://doi.org/10.1371/journal.pone.0189657 January 3, 2018 12 / 13
36. Koops K, McGrew WC, Matsuzawa T, Knapp LA. Terrestrial nest-building by wild chimpanzees (Pan
troglodytes): Implications for the tree-to-ground sleep transition in early hominins. Am J Phys Anthropol.
2012; 148: 351–361. https://doi.org/10.1002/ajpa.22056 PMID: 22460549
37. Bradley BJ, Boesch C, Vigilant L. Identification and redesign of human microsatellite markers for geno-
typing wild chimpanzee (Pan troglodytes verus) and gorilla (Gorilla gorilla gorilla) DNA from faeces.
Conserv Genet. 2000; 1: 289–292. https://doi.org/10.1023/A:1011514007741
38. Guschanski K, Vigilant L, McNeilage A, Gray M, Kagoda E, Robbins MM. Counting elusive animals:
Comparing field and genetic census of the entire mountain gorilla population of Bwindi Impenetrable
National Park, Uganda. Biol Conserv. Elsevier Ltd; 2009; 142: 290–300. https://doi.org/10.1016/j.
biocon.2008.10.024
39. Kalinowski ST, Taper ML, Marshall TC. Revising how the computer program CERVUS accommodates
genotyping error increases success in paternity assignment. Mol Ecol. 2007; 16: 1099–1106. https://
doi.org/10.1111/j.1365-294X.2007.03089.x PMID: 17305863
40. Bonnin N, Piel AK, Ramirez M, Li Y, Loy E, Crystal P, et al. Gene flow and genetic diversity of Tanza-
nia’s Greater Mahale Ecosystem chimpanzees. European Federation of Primatology. Rome; 2015.
41. Haslam M. Towards a prehistory of primates. Antiquity. 2012; 86: 299–315.
42. Wrangham RW, Koops K, Machanda ZP, Worthington S, Bernard AB, Brazeau NF, et al. Distribution of
a Chimpanzee Social Custom Is Explained by Matrilineal Relationship Rather Than Conformity. Curr
Biol. Elsevier Ltd.; 2016; 0: 108–114. https://doi.org/10.1016/j.cub.2016.09.005 PMID: 27839974
43. Luncz L V, Mundry R, Boesch C. Report Evidence for Cultural Differences between Neighboring Chim-
panzee Communities. Curr Biol. Elsevier Ltd; 2012; 22: 922–926. https://doi.org/10.1016/j.cub.2012.03.
031 PMID: 22578420
44. Pruetz JD, Lindshield S. Plant-food and tool transfer among savanna chimpanzees at Fongoli, Senegal.
Primates. 2012; 53: 133–145. https://doi.org/10.1007/s10329-011-0287-x PMID: 22101639
45. Eren MI, Bradley BA, Sampson CG. Middle Paleolithic skill level and the individual knapper: An experi-
emnt. Am Antiq. 2011; 76: 229–251.
46. Carvalho S, Biro D, McGrew WC, Matsuzawa T. Tool-composite reuse in wild chimpanzees (Pan troglo-
dytes): archaeologically invisible steps in the technological evolution of early hominins? Anim Cogn.
2009; 12 Suppl 1: S103–14. https://doi.org/10.1007/s10071-009-0271-7 PMID: 19680699
47. Kimura B, Brandt S a., Hardy BL, Hauswirth WW. Analysis of DNA from Ethnoarchaeological Stone
Scrapers. J Archaeol Sci. 2001; 28: 45–53. https://doi.org/10.1006/jasc.1999.0551
48. Haslam M, Pascual-Garrido A, Malaivijitnond S, Gumert M. Stone tool transport by wild Burmese long-
tailed macaques (Macaca fascicularis aurea). J Archaeol Sci Reports. Elsevier Ltd; 2016; 7: 408–413.
https://doi.org/10.1016/j.jasrep.2016.05.040
49. Haslam M, Luncz L, Pascual-Garrido A, Falotico T, Malaivijitnond S, Gumert M. Archaeological excava-
tion of wild macaque stone tools. J Hum Evol. 2016; 96: 134–138. https://doi.org/10.1016/j.jhevol.2016.
05.002 PMID: 27256780
50. van Schaik CP, Fox EA, Sitompol AF. Manufacture and use of tools in wild Sumatran orangutans. Nat-
urwissenschaften. 1996; 83: 186–188. PMID: 8643126
DNA recovery from wild chimpanzee tools
PLOS ONE | https://doi.org/10.1371/journal.pone.0189657 January 3, 2018 13 / 13
